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Abstract— Virtual colonoscopy (VC) has become a more

prevalent and accepted method to diagnosis coloredtcancer.
An essential element to detecting cancerous polypsing VC in

conjunction with computer-aided detection is the acurate

segmentation of the colon wall. While the inner handary of

the colon wall, the lumen-mucosal boundary, has afh been the
focus of previous colon segmentation work, detectioof the
outer wall, the serosal tissue boundary, allows forthe

segmentation of the colon wall, which is useful idetermining

both potential polyps, muscular hypertrophy and diwerticulitis

of the colon. Unfortunately, automatic determinaton of the
outer colon wall position often is difficult due to the low
contrast between CT attenuation values of the colowall and

the surrounding fat tissue. We have developed avel set based
method to determine from a CT colonography (CTC) san the
location of the colon serosal tissue boundary. Adt determining

this location, the algorithm segments the entire don wall at

subvoxel accurate precision. The algorithm has beevalidated

on several CTC datasets.

. INTRODUCTION

Colorectal cancer is the second leading causenufeta
related deaths among men and women in the UniteeésSt
[1]. Fortunately if precursor polyps are deteatady in
their course and successfully resected, most @daners
can be prevented. CT colonography (CTC) is an gimgr
technique for non-invasively performing colon cance
screenings [2]. During this procedure, a patiexs his/her
colon insufflated and undergoes an abdominal CT fcan
which a 3D virtual model of the colon can be candtizd.
This model then can be inspected in a virtual codcopy
(VC), a computer procedure simulating conventiayical
colonoscopy. A VC model also can be analyzed
automatically to assist a radiologist in the detecof
polyps [3].

Computer-aided detection (CAD) of polyps in VC
requires detecting areas of the colon wall surfhaehave
properties characteristic of polyps. One such @riyas
colon wall thickness. Determination of the thicksef the
colon wall is also important for diagnosis of otleetonic
diseases, such as muscular hypertropy and divitiscu
Manual determination of the colon wall thickness ba
very time consuming. In addition, it is often difflt to
determine the precise location of the boundarigb@tolon
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Outer Colon Wall, Serosal Layer

Figure 1: Slice of CTC scan showing colon wall. ietthe low
contrast between the colon outer wall and the suding tissue.

on 2D slices due to partial voluming effects.

Segmentation of the colon lumen is often perforaed
part of creating a 3D model for VC or as an inigtdp in
CAD of polyps. The large difference in CT attenoiat
values between the lumen and inner, mucosal Idytaeo
colon wall is easily distinguished by traditionagsnentation
techniques, such as threshold region growing. Hewehe
contrast between the colon wall's outer serosariayd the
fat surrounding the colon is not as large of aedéhce and is
often more difficult to distinguish visually, Figail. This
low contrast boundary can often cause difficulires
segmenting the outer colon wall from the surrougdin
tissues.

This paper describes a novel algorithm for deteimgithe
outer wall of the colon and segmenting the entilerc wall.
The algorithm automatically and accurately caladathe
colon wall segmentation with subvoxel accurate igien.
The segmentation has been verified on several Gi&sdts.

Il. BACKGROUND

A. Level Set Methods

Recently, level set based approaches have beernaised
segment objects, many of which have been appliedltms.
Level set methods evolve an isosurface in the timeof the
surface normal [10]. In its general form the etiolu speed
can depend on position, normal direction, curvatang
shape, and the isosurface can cross over the sainte p
multiple times. The general form of the level method
equation is as follows:
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where)/ is the level set functiom is an advection ternk,
is a propagation ternZ, is a spatial modifier term for the
mean curvature terrk , and &, b, andg are weights which

determine the influence of each of these term$en t
movement of the isosurface. Level set methoddeamsed
to segment objects in the presence of noise ammplete
information, with the result defining the objectunalary at
subvoxel accuracy [4]. The method results in asagen
which contains positive level set values within ttgect and
negative level set values external to the objeshfwhich
the colon boundaries can be interpolated.

We apply the general level set method during the
segmentation of both the inner and outer colonsifedim
the CT virtual colonoscopy scans. Due to the astr
difference between the colon wall and lumen, asthoél
level set segmentation method, which is based amlg
lower and upper threshold value for the propagatiom, is
used for a subvoxel accurate lumen segmentatiomore
complex geodesic active contour level set methydabich
has an advection term that attracts the levelosttet
object’s boundary, is used as part of the algoritthm
determine the outer wall boundary.

B. Colon Wall Segmentation

Typically the colon wall is inspected after perfamma
segmentation of the inner, mucosal wall, and angadi colon
surface. The lumen segmentation is often perforaséy a
simple threshold region growing method [6]; theytar
difference in CT attenuation values between air@idn
wall tissue allow the use of threshold methodsistirdyuish
between the two regions during the segmentatibtore
sophisticated methods have also been used to segmen
lumen by combining threshold region growing withdeset
methods to result in a smooth subvoxel accurate
segmentation [7].

Unfortunately, very few prior methods have triedigdect
the outer colon wall, which is the boundary betwten
serosal layer of the colon wall and the fat tisslue to the
low contrast, i.e. similar CT attenuation valuestween the
colon wall and surrounding tissue. Wang, et gl. [8
presented a method of polyp detection which incateal
the detection of the outer colon wall boundary ey breate
a stepwise-like profile of the CT data along thoehogonal
rays emitted from a point on the lumen-colon wallibdary
and assume that the ray will intersect with theenablon
wall boundary. The first- and second-derivativethe
profile are inspected for a specific variance patte
determine where the boundary of the colon outel iwal
present. The resulting boundary only exists aptbiat of
intersection along the three rays which are profdad often
the boundary that is detected is located at theriimen-

colon wall boundary due to partial voluming effectther
than at the actual outer wall boundary.

Level set based methods have also previously beeth to
determine the boundary between low contrast tisslibe
algorithm presented by Zeng, et al. [9], maximittes
probability of a boundary occurring between tissioges
assuming a Gaussian distribution of values in edi¢he
tissues. Although this method works very nicelydertain
tissues, such as the white matter in the brainchvhas
intensities between the neighboring gray matter and
cerebrospinal fluid intensity values, the methoelaiis down
for colon wall tissue, which has intensities higtiean both
neighboring tissues, air and fat tissue. The g@lartluming
effect makes partial air voxels indistinguishalvteni fat
voxels.

The algorithm presented in this paper expands ¢m the
profile method of Wang, et al. [8] and the level methods
of Zeng, et al. [9] to develop an algorithm for actely
determining the entire outer boundary of the caolafi at
subvoxel precision.

. METHODS

A. Lumen Segmentation

The accurate segmentation of the colon lumen isssary
as the initial step of the outer wall segmentatiés. stated
above, the lumen may be segmented by a simplehtbices
region growing segmentation. We chose to use @hge\wof
-500 HU as the segmentation threshold for the luo@an
inner wall boundary because it is the value whichalf-way
between the air, -1000 HU, and soft tissue, ~0 HUis
segmentation results in a coarse lumen segmentaitiohthe
lumen segmentation is made more accurate through a
threshold level set method. The threshold levieirssthod
uses the threshold region growing segmentatiohemttial
level set boundary and the value of -500 HU to rueitee a
subvoxel accurate segmentation of the colon lumen,
Figure 2.

B. Speed Function

The creation of an accurate speed function foltdhel set
algorithm is necessary to ensure a precise segtimmtal he
level set segmentation methods use the speed itmage
determine where the level set surface should evenhee
where it should halt.

The speed image used in the outer wall level set
segmentation is calculated from both the lumenlisst
image and the original CT image. A 3D directional
derivative of the CT image is performed in the dii@n
perpendicular to the level sets produced by theelum
segmentation, Figures 3 and 4. The local non-maxi
gradients along the level set expansion directien a
suppressed to further avoid the impact from nomskgartial
voluming effects from the lumen-colon wall bounda#y
sigmoid filter is used on the directional derivatimage
emphasizing the particular set of values wheralttextional



Figure 2: Results of lumen segmentation on a si@CTC scan.

derivative is high, i.e. where the outer colon vimiundary is
located. Inverting the output of the sigmoid fil&lows a
speed image to be created such that the levelvikts
propagate where there is a low directional gradietiie
original CT image and stop when a high gradienb@line
colon outer wall is encountered.

C. Colon Outer Wall Segmentation

The level set segmentation of the colon outer isall
computed by using a 3D geodesic active contoutl kate
segmentation method. The lumen level set segitiemia
used as the initial level set boundary and thedpeage is
calculated from the directional derivative of théggmal CT
image, as described above. The geodesic activteuron
level set segmentation method uses the advectionvidich
attracts the level set evolution to the high grath&lues in
the feature image and a curvature term that prevbst
evolution of the boundary from exceeding a maximum
curvature. This level set method adheres to all

Figure 3: Derivative of CT image calculated inedtion,
represented by vectors, perpendicular to the luees sets.

Figure 4: Intensity profile of CT (solid line) amggadient
magnitude (dotted line) values along directed raynfcolon lumen
to outer wall.

near zero values in the speed image and fillsemitssing
regions in an intuitive way, producing an outerlwal
segmentation that combines the confident locatfon o
boundaries seamlessly with expected boundaries. z&o
isocontour in the resulting level set image repnesthe
outer colon wall.

IV. RESULTS

The algorithm presented was performed on 3 CT afirtu
colonoscopy scans each containing 512 x 512 x BEgeés
with a spacing of 0.7 x 0.7 x 1.0 MmThe colon wall in
these scans consisted of various thicknesses thootigach
colon segment. The results of performing the segatien
algorithm on these cases can be seen in Figur&s 5 -

V. DISCUSSION

Figures 5 and 6 show the subvoxel accurate segtianta
of the colon wall. The accuracy of the segmentstivas

Figure 5: Colon with cutting-plane showing segmgateof lumen
(green) and outer colon wall (purple).



Figure 6: Colon wall segmentation for 3 differeri@scans: colon inner boundary shown in green,rcolger boundary shown in red.

verified visually. The outer boundary of the colall has
been determined, even though there is low conbeisteen
the colon wall and the surrounding fat tissue. ethod is
also fully automatic, thus requiring no user intgrtion.
Even in areas where the colon is adjacent to attgans, the
algorithm accurately finds the colon outer wall,sh®wn in
Figure 7.

Using the derivative of the CT values along theection

VI. CONCLUSION

This paper has presented an automatic algorithm for
determining a subvoxel accurate segmentation ofdien
wall. The method can result in appropriate segatants
when the colon wall is thick or thin. The resuitiaccurate
segmentations of the colon wall may be useful tecteng
spasms, cancers, and potential polyps for virtual

perpendicular to the level set surfaces of the mme{:olonography computer-aided detection, and autoaiti

segmentation has allowed for an accurate detedfothe
colon outer wall. Further, the use of the geodésiel set
method has allowed for a smooth subvoxel accuratenc
wall segmentation to be performed. When deterrginire
position of the colon outer wall by starting at themen
segmentation and considering the gradient direatative

to the lumen level set gradients, we avoid the igart

voluming effects between the colon lumen and wahlich
cause difficulty in accurately segmenting the colwall
using prior algorithms. Also in contrast to pradgorithms,
the presented algorithm will not result in finditlge outer

boundary within the lumen because our algorithm is

initialized with the lumen segmentation. Finallthe
resulting segmentation contains an entire surfabée prior
techniques may only find several points on the oatdon
boundary.

Figure 7: Zoomed in area of colon wall segmentatdiacent to
small bowel in upper portion of picture: colon inngoundary
shown in green, colon outer boundary shown in red.

determining the colon wall thickness for diagnaxis
muscular hypertropy and diverticulitis.
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